Nucleosomes contribute to compacting the genome into the nucleus and regulate the physical access of regulatory proteins to DNA either directly or through the epigenetic modifications of the histone tails. Precise mapping of nucleosome positioning across the genome is, therefore, essential to understanding the genome regulation. In recent years, several experimental protocols have been developed for this purpose that include the enzymatic digestion, chemical cleavage or immunoprecipitation of chromatin followed by next-generation sequencing of the resulting DNA fragments. Here, we compare the performance and resolution of these methods from the initial biochemical steps through the alignment of the millions of short-sequence reads to a reference genome to the final computational analysis to generate genome-wide maps of nucleosome occupancy. Because of the lack of a unified protocol to process data sets obtained through the different approaches, we have developed a new computational tool (NUCwave), which facilitates their analysis, comparison and assessment and will enable researchers to choose the most suitable method for any particular purpose. NUCwave is freely available at http://nucleosome.usal.es/nucwave along with a step-by-step protocol for its use.
INTRODUCTION
The translational positioning of nucleosomes relative to the DNA sequence is essential for the regulation of basic genome processes like transcription, replication and recombination, as well as for the maintenance of genome stability [1] . Combining different experimental protocols, high-throughput sequencing methods and the final bioinformatics analyses, it is possible to address the challenge of generating a nucleosome occupation map (NOM) where the localization of every nucleosome relative to the DNA sequence can be determined.
Micrococcal nuclease (MNase) preferentially cleaves linker DNA between nucleosomes and, coupled to hybridization with radiolabelled probes, has long been used to map the position of nucleosomes on genomic regions typically 1-2 kb long [2] . In contrast, current next-generation sequencing (NGS) platforms allow the highthroughput sequencing of mononucleosomal DNA (MNase-Seq) to generate genome-wide NOMs in a single experiment for human [3, 4] and model organisms [5] [6] [7] . Early genome-wide maps of nucleosome occupancy for Saccharomyces cerevisiae were obtained using high-resolution tiling microarrays [8, 9] . Shortly after, NGS technology enabled to obtain nucleosome maps from tens of thousands of short reads with a moderate resolution [10] [11] [12] . A year later, Kaplan et al. [13] and Jiang et al. [14] published the first nucleosome maps of high resolution for S. cerevisae using millions of sequenced reads from previously isolated mononucleosomal DNA.
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In earlier works, Flaus et al. [15, 16] designed a S. cerevisiae mutant where serine 47 of histone H4 was replaced by cysteine. The integration of the modified H4 histone into the histone octamer generates a nucleosome core particle where the pair of 47 cysteines maps close to the nucleosome dyad. This modification allows the specific cleavage of DNA symmetrically to the dyad by a hydroxyl radical-catalysed chain scission. The resulting DNA fragments span the distance between the dyads of two neighbouring nucleosomes. Recently, this chemical cleavage approach combined with high-throughput sequencing (CC-Seq) has been used to build a high-resolution map of nucleosomes for S. cerevisiae [17, 18] and Saccharomyces pombe [19] .
Chromatin inmunoprecipitation (ChIP) was described by Solomon et al. [20] as a method to study protein-DNA interactions. The studies that combined ChIP with high-throughput sequencing (ChIP-Seq) to construct a genome-wide map of protein-DNA interactions in vivo [21] or a highresolution profile of histone methylation in the human genome [22] were first published in 2007. The ChIP-Seq method is widely used to map chemical modifications of histones at a genomic scale [23] . For this purpose, after protein cross-linking, DNA fragmentation can be made by MNase digestion [24] or by sonication [25] . In the second case, the variable size of the DNA fragments poses the principal problem to the analysis [23] .
DNA fragments obtained after any of these three methods can be sequenced using single read (SR) or paired-end (PE) sequencing strategies, depending on whether one or two ends of the fragments are sequenced [26] .
Reads are mapped on the corresponding organism's reference genome, and usually a genome-wide depth of coverage signal is obtained, from where the NOM is constructed. A number of software applications are proposed for this task. Typically, all include one or more steps of signal denoising using methods based in wavelet [27] , fast Fourier transform [28] , template filtering [29] , probability functions [30] , Parzen windows [14] or Gaussian smoothing [31] . Nevertheless, these tools are usually designed to be applied to a specific experimental protocol and sequencing method, such as ChIP-Seq of MNasedigested DNA [14, 27, 30] , MNase-Seq SR sequencing [29, 31] or MNase-Seq SR and PE sequencing [28] . Recently, a new tool for sonicated ChIP-Seq data analysis has been introduced [32] .
A previous solution to compare NOMs generated by different protocols and software tools has been to simplify the final occupancy maps by binarization to identify nucleosome-occupied, nucleosome-free and linker regions [14, 33] . In the present work, our goal is not just to compare the final NOMs obtained by different methods but also to compare the performance and resolution of these methods from the initial biochemical steps, through the alignment of the short-sequence reads to the reference genome, and the final computational analysis to generate genomewide maps of nucleosome occupancy. For this purpose, we have developed the first tool that can analyse sequence data sets from the three experimental protocols described above using SR or PE sequencing. This tool has been designed to facilitate their comparison but is also a powerful, easy-to-use, and versatile instrument for the creation of an NOM from new or published experiments in S. cerevisae or other organisms. The tool is called NUCwave because the kernel of the application is based in wavelets. Python source code is freely available at http:// nucleosome.usal.es/nucwave along with a step-bystep protocol of use to reproduce the results presented in this work, which can be used as example pipelines for processing other sequence data sets already available or that will be generated in future experiments. NUCwave gives detailed information not only on the final NOM but also for all the intermediate results, providing a thorough description of the NOM creation process.
MATERIALS AND METHODS Experimental data and short-read alignment
We have used for this comparative study four published data sets from S. cerevisiae, including MNaseSeq, CC-Seq and ChIP-Seq protocols, SR and PE sequencing strategies and Illumina and Applied Biosystems NGS platforms. Because MNase-Seq is the most commonly used protocol, we chose two different SR [34] and PE sequencing [35] data sets for comparison. Similar results could be obtained using other data sets from Gene Expression Omnibus (GEO) database repository [36] for MNase-Seq SR sequencing [7, 13, 29, [37] [38] [39] [40] [41] [42] [43] or MNase-Seq PE sequencing [38, 39, 44] .
For CC-Seq, we used a PE sequencing experiment from the only available work published for S. cerevisiae that uses this protocol [17] . Finally, for proper comparison of the ChIP-Seq protocol against the other two, one experiment from the work of Perales et al. [45] was chosen because the used antibody against the C-terminus of histone H3 guarantees genome-wide coverage of the signal. In this particular case, instead of MNase digestion, they used sonication to fragment the DNA, similar to the experimental protocol used in the ENCODE project [25] .
The three cleavage strategies and the resulting DNA fragments from each of them are schematically represented in Figure 1 . MNase generates mononucleosomal sequences whose boundaries preferentially correspond to linker regions. When PE sequencing is used, the centre of the reconstituted fragments will represent the nucleosome dyad position of each of them. CC-Seq generates fragments between chemical radical scissions near the dyad of each nucleosome and includes the linker DNA. When PE sequencing is used, the boundaries of the reconstituted fragments will be close to the dyads of each of the neighbour nucleosomes, and their centre will colocalize with the central position of the linker. ChIP-Seq on sonicated chromatin generates random fragments of variable length, including fragments spanning one or several mononucleosomes and linkers.
In all cases, we used Bowtie1.0.1 [46] for shortread sequence mapping to the S. cerevisiae S288C reference genome (Release 64) downloaded from the Saccharomyces Genome Database (SGD). Two mismatches were allowed for the mapping, and reads matching to more than one genomic position were discarded (see Table 1 for details).
Signal processing
Wavelets have already been used for the generation of NOMs in ChIP-Seq experiments in human cells to map profiles of histone modification [27] . We have adopted a similar wavelet approach to construct the NUCwave tool to analyse ChIP-Seq, MNaseSeq and CC-Seq sequence reads from SR and PE protocols. In all the cases, signals at different steps of the pipeline were smoothed using a five-level onedimension discrete biorthogonal 3.1 wavelet (bior3.1) decomposition and additional multilevel reconstruction of the signal using only the approximation coefficients [47] . This type of wavelet was chosen because its properties adapt well to the shape of nucleosome peaks. For example, signal denoising and smoothing for the MNase-Seq SR sequencing protocol can be seen at the transition from Figures 2B to C. Signal modifications are minimal, and the smoothed signal is useful to determine the position of the peaks. Supplementary Figure S1 shows the effect of using different levels of decomposition for the smoothing process.
RESULTS AND DISCUSSION MNase-Seq using SR sequencing
The primary information in an MNase-Seq experiment after the short-read mapping step is the localization of the MNase cleavage sites, defined by the boundaries of the mapped reads. Their frequency distribution along each strand is shown on Figure 2A for the experiment of Tsui et al. [34] .
The use of the complete reads to obtain the sequencing depth coverage in each DNA strand generates a relatively noisy profile ( Figure 2B ). The peaks correspond to the most probable sites of MNase digestion and mark the boundaries of individual nucleosomes.
In the case of SR sequencing, a step is needed to integrate the signal from the two DNA strands, which have been generated independently. A widely used strategy is to extend the reads in the 3 0 direction up to 147 nucleotides [31, 34] . This causes some overlap between adjacent extended fragments because of the fact that the sites of MNase cleavage between nucleosomes are scattered along a certain length in different cells of the population ( Figure  2A) , and it results in the generation of maps of limited resolution. An alternative strategy is to shift the signals from the two DNA strands in the opposite direction. To this end, the signal is smoothed using the wavelet-based method described above. Figure 2C shows that the smoothing protocol faithfully preserves the original signal pattern. The denoised profile facilitates the straightforward identification of individual peak maxima using a simple hill-climbing method. To calculate the optimal value for shifting, we calculated the average distance between peaks from the complementary strands that correspond to the boundaries of the same individual nucleosomes (red segments in Figure 2C ). Only peaks from each strand along the genome with heights higher than twice the genomewide mean depth coverage and which mapped at least 100 nucleotides away from other peaks of the same height were selected to make the calculation. Next, the original signal profile of the complementary strands ( Figure 2B ) was shifted in opposite directions by half of the calculated distance to generate an initial version of the NOM ( Figure 2D ). The resulting signal was smoothed using the same wavelet process described above and was normalized relative to the average genome-wide depth coverage to generate the final NOM ( Figure 2E ).
MNase-Seq using PE sequencing
Similar to SR sequencing, PE reads also provide primary information about the MNase cleavage sites. Figures 3A and B show the frequency distribution of cleavage sites and the depth of coverage from the Cole et al's experiment [35] . Consistent with the PE protocol, the depth of coverage for both strands is similar ( Figure 3B ), and the coupling between them is more evident than for SR sequencing. Based solely on this information, we can follow the same protocol used for SR sequencing to obtain a final version of the NOM ( Figure 3C ). However, PE sequencing yields more primary information such that the central position of each nucleosome can be calculated directly as the midpoint between the two extremes. The frequency of each nucleosome centre can be calculated for each genomic position (Figure 3D) , showing the existence of nucleosomes well positioned (e.g. the third nucleosome on the YGL100W gene).
Additional primary information corresponds to each complete PE fragment, which represents a unique mononucleosome. Figure 3E To obtain a better estimate of the nucleosome centres, each fragment should be trimmed symmetrically from both ends to generate an NOM in which the central position of nucleosomes is mapped at a higher resolution ( Figure 3F ). The resulting signal can be wavelet smoothed to generate an NOM ( Figure 3G ), which is virtually indistinguishable from the one generated using the sequence reads for each PE fragment independently ( Figure 3C ). The Pearson correlation coefficient between the two NOMs is 0.996. This result validates the reliability of the method used for the automatic calculation of the shifting value of peaks from the two DNA strands (Figures 2B and 3B ). 
CC-Seq using PE sequencing
The experimental protocol followed by Brogaard et al. [17] generates PE fragments corresponding to the sequences between two nucleosome dyads. Therefore, their centre maps to the linker DNA between adjacent nucleosomes. Frequency distribution of dyads ( Figure 4A ) and the PE coverage ( Figure 4B ) for both strands give an initial landscape of this type of experiment. Close neighbouring peaks show the distribution of the symmetrical scission points. Unpaired peaks appear near to NDR regions (e.g. in 5
0 of YGL099W and 3 0 of YFL100W genes), due to the fact that only DNA fragments 125-200 bp long were isolated from the agarose gel [17] , and therefore, longer inter-dyad sequences were excluded from the analysis. Figure 4C shows the depth coverage of DNA PE fragments. The plateaus represent sequences between nucleosome dyads. Abrupt discontinuities on Figure  4C and the sharp peaks in Figure 4A reveal the existence of well-positioned nucleosomes. We can also represent the frequencies of the centre of the PE fragments ( Figure 4D ) to determine the position of the linkers. Trimming of the PE fragments ( Figure 4E ) followed by wavelet smoothing results in a high-resolution map of linker positions ( Figure 4F ).
Linker maps, although informative, are not usually represented. To construct the NOM, the read coverage for each strand ( Figure 4B ) is wavelet smoothed ( Figure 4G ). Similar to the MNase-Seq SR protocol, the average distance between peaks from the complementary strands that correspond to the symmetrical scission points of the same dyad (red segments on Figure 4G ) provides the optimal shifting value for the two strand signals ( Figure 4H ). The posterior wavelet smoothing and normalization relative to the average genome depth signal generate the final NOM ( Figure 4I ).
ChIP-Seq using SR sequencing
Perales et al. [45] obtained a NOM by ChIP-Seq, using a specific antibody against histone H3. Because chromatin was fragmented by sonication, sequence reads do not contain accurate information about nucleosome boundaries. Figure 5A shows a continuous distribution of the read boundary frequency. Depth of coverage in Figure 5B also shows a noisy profile, although some pairs of peaks for both strands are present, allowing the possibility of applying the same wavelet method used with previous data sets. First, the signal was wavelet smoothed ( Figure 5C ) and the distance between peaks for both strands was estimated to calculate the shifting value that had to be applied to obtain the initial NOM ( Figure 5D ), which after wavelet smoothing and normalization gives us the final NOM. The resulting map is noisier than those obtained by MNase and CC fragmentation, although the position of some well-positioned nucleosomes can be detected.
Comparison of methods
For a final comparison of the results, Figure 6 shows the four NOMs for the same genomic region, generated by each experimental protocol. In addition, a genome browser including all the NOMs and the intermediate steps of their construction can be accessed at http://nucleosome.usal.es/fgb2/gbrowse/ nucwave to visualize any genome region of interest. Figure 7 shows density dot plots for the normalized nucleosome occupancy per base pair, for all pairs of generated NOMs and the Pearson correlation across the entire genome.
The Pearson correlation coefficient between the two genome-wide NOMs obtained from the two independent MNase-Seq SR and PE experiment of Tsui etal. [34] (Figures 2E and 6A ) and Cole etal. [35] ( Figures 3G and 6B) is 0.828. The similarity of the nucleosomal profiles, especially in well-positioned regions, demonstrates the reproducibility of the MNase experimental procedure.
The NOM generated with the CC-Seq PE experiment shows a lower correlation (range 0.580-0.628) with those from the MNase-Seq experiments. The difference between them is primarily owing to a problem mentioned in the Brogaard et al. original paper [17] , characterized by the unbalanced cleavage pattern between the two strands at the two nucleosomes immediately flanking a long linker region or an NDR. This problem is clearly observed in our analysis ( Figures 4B and G) and is translated to the final NOM ( Figures 4I and 6C) where nucleosomes flanking NDRs are represented with low or undetectable peaks. Given the importance of the +1 and À1 nucleosomes relative to the transcription start site (TSS) to determine the presence and size of NDRs, the difficulty of this method to correctly identify them is a serious disadvantage with respect to the MNase-Seq approaches.
Density dot plots between Perales et al. (Figure 7 ) and other methods show the high-background noise inherent to the experimental protocol, which therefore leads to the lower Pearson correlations (range 0.440-0.520). Background noise is also clearly visible in Figure 6D .
In S. cerevisiae, the distance between adjacent nucleosome midpoints is $165 bp (147 bp of nucleosomal DNA and 18 bp of linker DNA) [10] . The size distribution of PE sequenced fragments generated by the MNase-Seq and CC-Seq protocols is shown in Figure 8A . The peak at 150 bp for MNase-Seq is consistent with the nucleosomal DNA size. The peak at 155 bp for CC-Seq is consistent with the inclusion of the linker in the fragments, and with the symmetrical chemical cleavage for both H4 histones near the dyad. The principal difference between the two methods is the shape of the distribution, which is broader for the CC-Seq experiment, probably due to variations in linker size.
For each of the NOMs that we have generated in this work, we have selected only peaks at nucleosome centres of a height >1.5-fold above the genome average occupancy, and having the nearest peak on each direction at least 100 bp away. By using these criteria, we selected 40 792, 39 806, 29 511 and 14 411 well-positioned nucleosomes for MNase-Seq SR sequencing [34] , MNase-Seq PE sequencing [35] , CC-Seq PE sequencing [17] and ChIP-Seq SR sequencing [45] , respectively. The difference in the number of well-positioned nucleosomes among the two MNase-Seq experiments and the CC-Seq experiment is because of the relative depletion in the latter of the +1 and À1 nucleosomes relative to the TSS.
To assess the accuracy of the different experimental protocols at determining the nucleosome midposition, we measured the distance between the nearest nucleosome centre obtained by each method to those mapped in the MNase-Seq PE experiment. The number of nucleosome centres colocalizing within a distance of AE10 bp was 20 154 (49% of total) for MNase-Seq SR protocol, 12 053 (41% of total) for CC-Seq PE protocol and 5473 (38% of total) for ChIP-Seq SR protocol ( Figure 8B) .
Finally, Figure 8C shows the aggregated nucleosome occupation profile from 5015 genomic regions 2 kb long, centred on the TSSs [8] . As expected, the resulting profiles are virtually identical for the MNase-Seq PE and MNase-Seq SR protocols. The low signal for the À1 and +1 nucleosomes relative to the TSS is evident in the CC-Seq profile even though the pattern for the rest of nucleosomes is similar to those of the MNase-Seq. The ChIP-Seq SR protocol generates a nucleosomal profile of lower resolution, although it performs well in identifying the NDRs.
CONCLUSIONS
We have shown that data sets from nucleosome occupancy experiments obtained from independent laboratories using different experimental protocols can be analyzed with the same bioinformatic wavelet-based tool to compare and integrate the biological knowledge of each of the original experiments.
For the S. cerevisiae data sets used in this work, we found that the MNase-Seq cleavage followed by PE sequencing, yields a genome-wide homogenous signal, and correctly determines the +1 and À1 nucleosomes relative to the TSS and, overall, outperforms the other methods in the task of constructing a map of nucleosome occupancy.
To compare other experimental results, the present methodology can also be applied to new or previous nucleosome experiments developed under the same or different conditions for S. cerevisiae or other organisms.
The online genome browser at http://nucleosome.usal.es/fgb2/gbrowse/nucwave shows the tracks of the final NOMs and those of the corresponding intermediate steps obtained for the four data sets from S. cerevisiae.
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Key Points
We compare the performance and resolution of three experimental methods for nucleosome mapping (enzymatic digestion, chemical cleavage and ChIP) combined with SR and PE highthroughput sequencing. We have designed a new wavelet-based computational tool (NUCwave) for the generation of genome-wide nucleosome maps. The tool is easy to use and is the first one capable of analysing data set from current experimental protocols. NUCwave is implemented in Python and is freely available at http://nucleo some.usal.es/nucwave along with a step-by-step protocol of use that will facilitate the use of the tool to researchers with little computing background. We have constructed a genome browser linked to this article that displays the results across the entire genome to enable researchers to choose the most suitable method for any particular purpose.
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